is not yet successful because equine sperm do not effectively capacitate in vitro. Results of previous studies suggest that this may be due to failure of induction of hyperactivated motility in equine sperm under standard capacitating conditions. To evaluate factors directly affecting axonemal motility in equine sperm, we developed a demembranated sperm model and analyzed motility parameters in this model under different conditions using computer-assisted sperm analysis. Treatment of ejaculated equine sperm with 0.02% Triton X-100 for 30 sec maximized both permeabilization and total motility after reactivation. The presence of ATP was required for motility of demembranated sperm after reactivation, but cAMP was not. The calculated intracellular pH of intact equine sperm was 7.14 6 0.07. Demembranated sperm showed maximal total motility at pH 7. Neither increasing pH nor increasing calcium levels, nor any interaction of the two, induced hyperactivated motility in demembranated equine sperm. Motility of demembranated sperm was maintained at free calcium concentrations as low as 27 pM, and calcium arrested sperm motility at much lower concentrations than those reported in other species. Calcium arrest of sperm motility was not accompanied by flagellar curvature, suggesting a failure of calcium to induce the tonic bend seen in other species and thought to support hyperactivated motility. This indicated an absence, or difference in calcium sensitivity, of the related asymmetric doublet-sliding proteins. These studies show a difference in response to calcium of the equine sperm axoneme to that reported in other species that may be related to the failure of equine sperm to penetrate oocytes in vitro under standard capacitating conditions. Further work is needed to determine the factors that stimulate hyperactivated motility at the axonemal level in equine sperm.
INTRODUCTION
Equine in vitro fertilization has historically had poor success [1] [2] [3] . This may be related to the failure of standard capacitation media to induce hyperactivated motility in equine sperm, as suggested by the report from one laboratory of a 60% fertilization rate after treatment of sperm with procaine, a powerful inducer of hyperactivation [4] . Hyperactivated motility is crucial for the final stages of fertilization; it provides sperm with sufficient force to swim through the viscous environment of the oviduct, advance through the cumulus, and penetrate the zona pellucida [5] [6] [7] [8] [9] [10] . The apparent inability of equine sperm to undergo hyperactivated motility under standard in vitro capacitating conditions suggests that there may be differences in regulation of hyperactivated motility between the sperm of horses and those of other species.
In other species, hyperactivated motility has been shown to be dependent upon the pH-regulated calcium ion channel, CatSper [5, 6, 11] . In these species, it is postulated that capacitation induces an increase in intracellular pH, which triggers the CatSper channel to open, allowing calcium influx. The mechanism by which this influx affects motility is unclear; calcium may directly affect axonemal function, open intracellular calcium stores, induce intracellular calcium oscillations, or even act a second messenger to stimulate hyperactivated motility via pathways such as those involving calmodulin or calmodulin kinase II [7, [12] [13] [14] .
We previously found that equine sperm possess CATSPER1 protein and that intracellular alkalinization induces both an increase in hyperactivated motility and an increase in intracellular calcium [15] . However, in contrast to findings in other species, the degree of hyperactivated motility appeared to be inversely related to intracellular calcium concentrations, suggesting a fundamental species-specific difference in the relationship of calcium influx to regulation of motility in equine sperm. Notably, the immediate action of procaine, the most potent inducer of hyperactivated motility in equine sperm, was not dependent upon calcium influx because it occurred in the absence of added environmental calcium; the findings suggested that procaine might in fact act to block calcium influx [15] . Thus, it is possible that in the horse, hyperactivated motility occurs only within a narrow range of appropriate intracellular pH and calcium concentrations, which are not achieved in standard capacitating conditions. Direct assessment of the effects of pH and calcium on sperm axonemal motility is complicated by the extensive system of pH-, voltage-, and ion-regulated channels in the sperm plasma membrane. However, this network of channels may be bypassed using a demembranated sperm model in which the plasma membrane is perforated to allow equilibrium with the bath medium, permitting direct control of the axonemal environment. In other species, including mouse, rat, bull, monkey, and sea urchin, treatment of demembranated sperm with increasing levels of free calcium results in increased hyperactivated motility parameters, such asymmetrical beating and curvilinear velocity (VCL), supporting a direct effect of the capacitation-related calcium influx on onset of hyperactivated motility in these species [16] [17] [18] [19] [20] [21] . Medium pH also regulates motility in demembranated sperm; maximum motility is achieved in demembranated bull sperm from pH 7.0 to 8.1, at pH 7.8 in demembranated human sperm, and between 7.5 and 8.0 in demembranated ram sperm [16, [22] [23] [24] .
No work has been done on the direct effects of calcium, pH, or other motility modulators on the equine sperm axoneme. It is possible that the differences seen in stimulation of hyperactivated motility in this species are related to intrinsic differences in the action of these modulators in equine sperm. Therefore, in this study, we evaluated the effects of known modulators of axonemal motility, including calcium, pH, ATP, cAMP, nickel, and cadmium, on the activated and hyperactivated motility of demembranated equine sperm.
MATERIALS AND METHODS

Chemicals and Media
All the reagents were purchased from Sigma Aldrich unless otherwise stated. Propidium iodide (PI) and BCECF-AM was purchased from Invitrogen. The primary mouse-derived monoclonal anti-phosphotyrosine antibody (Clone 410G) was purchased from Millipore (www.millipore.com). The secondary goat anti-mouse antibody conjugated to fluorescein isothiocyanate was obtained from Santa Cruz Biotechnology (www.scbt.com). Reagents for transmission electron microscopy were purchased from Electron Microscopy Supplies (www.emsdiasum.com). Free calcium levels in reactivation medium (ReM) were calculated using MaxChelator (http://maxchelator.stanford.edu), taking into account the ionic value of the medium (0.0145), the concentrations of ethylene glycol tetraacetic acid (EGTA), MgSO 4 , adenosine 5 0 -triphosphate disodium salt hydrate (ATP), and calcium added, media pH, and incubator temperature.
Demembranization medium (DeM) consisted of 25 mM potassium glutamate, 200 mM sucrose, and 40 mM HEPES, with 0.02% polyvinyl alcohol (v/v) added to minimize agglutination. The medium pH was adjusted to 7.4 6 0.02 immediately prior to use unless otherwise stated. Unless otherwise noted, the ReM consisted of 25 mM potassium glutamate, 200 mM sucrose, 40 mM HEPES, and 0.02% polyvinyl alcohol (v/v) with 2 mM each of EGTA, MgSO 4 , and ATP. CaCl 2 was added in a sufficient quantity to provide 100 nM free calcium, as calculated with MaxChelator, and the medium pH was adjusted to 6.90 6 0.02 immediately prior to use.
To analyze motility in intact sperm and calibrate intracellular pH, a modified Tyrodes (Sp-Tyrodes) medium was used consisting of 99 mM NaCl, 3.1 mM KCl, 1.1 mM MgCl 2 , 0.4 mM NaH 2 PO 4 , 5 mM glucose, 10 mM HEPES, 0.02% polyvinyl alcohol, 25.4 mM sodium lactate, 1 mM sodium pyruvate, and 25 mM sodium bicarbonate at pH 7.25, with 2 mM CaCl 2 unless otherwise specified. High-potassium Tyrodes, used for generation of the sperm internal pH calibration curve, was made as above except the concentrations of NaCl and KCl were changed to 3.1 mM and 102.5 mM, respectively, and bicarbonate was excluded.
The medium used to incubate intact sperm to evaluate the effect of protein tyrosine phosphorylation (PY) on axonemal response was a modified Whittens (MW) medium as described by McPartlin et al. [25] . The base medium contained 100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl 2 , 5.5 mM glucose, 22 mM HEPES, and 1 mM sodium pyruvate. The non-PY-promoting medium (Non-PY) contained 2.4 mM sodium lactate and an additional 25 mM NaCl, and was adjusted to pH 7.25. Two PY-promoting media were prepared. Both contained 7 mg/ml bovine serum albumin (BSA) and 25 mM sodium bicarbonate and were adjusted to a pH of 7.9 before incubation [26] : the (À)Ca-PY medium contained 2.4 mM sodium lactate whereas the (þ)Ca-PY medium contained 2.4 mM calcium lactate.
Semen Collection and Motility Evaluation
Semen was collected from six sexually mature, light-breed stallions using an artificial vagina. Removal of debris and the gel fraction of the ejaculate was performed using an inline nylon micromesh filter (Animal Reproduction Systems). All the experimental procedures were performed according to the United States Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and Training, and were approved by the Institutional Animal Care and Use Committee at Texas A&M University.
Sperm motility was evaluated by computer-assisted sperm analysis (CASA) (Hamilton Thorne). The semen was evaluated at a concentration of 30 3 10 6 / ml, with 15-20 fields analyzed per sample. The average number of sperm evaluated per replicate per treatment was 521 6 140 sperm. Parameters analyzed included total percent motility (% total motility), percent progressively motile, VCL, amplitude of lateral head displacement (ALH), beat cross frequency, and linearity. Values for VCL and ALH were used as markers of hyperactivated motility [15] . For simplicity, only the results of % total motility, VCL, and/or ALH are shown. Each reading was performed on a separate, unique sample, with the exception of the study on replacement of EGTA in sperm immobilized by calcium, in which each sample was evaluated before and after EGTA replacement. A minimum of three replicates, one from each of three separate stallions, were performed for each experiment, thus an average of over 1500 sperm were evaluated per treatment.
Effect of Varying Medium Calcium on Motility of Intact Sperm at Physiological and High pH
Semen was suspended 1:5 in Sp-Tyrodes without calcium, then centrifuged twice for 10 min at 400 3 g to wash, using the same medium. The pellet was resuspended in Sp-Tyrodes without calcium to a concentration of 300 3 10 6 sperm/ml, then 50 ll of the sperm suspension was added to 450 ll of SpTyrodes prepared with eight different concentrations of added calcium (0 with 2 mM EGTA, 0, 50, 100, 200, 500, 1000, and 2000 lM calcium); each medium was used at pH 7.25 and pH 8.5 (16 treatments total). The analyses were performed at time 0 (immediately after the addition of sperm suspension to medium) and after 25 and 50 min incubation at 378C in air.
To identify if changes in motility occurred before 25 min, a second experiment was conducted evaluating seven different calcium concentrations (0, 50, 100, 200, 500, 1000, and 2000 lM calcium) at pH 8.5 only. Motility analysis was performed at time 0 (immediately after addition) and at 7 and 14 min incubation at 378C in air.
Demembranization
To develop the protocol for demembranating equine sperm, we evaluated the effect of treatment with different concentrations of Triton X-100 for varying time periods on membrane permeabilization and on total motility of sperm after resuspension in ReM.
Semen was suspended 1:5 in DeM, then centrifuged twice for 10 min at 400 3 g to wash, using the same medium. The pellet was resuspended in DeM to a concentration of 300 3 10 6 sperm/ml. Triton X-100 was added to DeMsuspended sperm at final concentrations of 0.5% to 0.001% (v/v). The suspension was then diluted 1:10 with ReM after 0, 30, or 60 sec. Total motility was evaluated immediately following dilution. Sperm extended in ReM without exposure to Triton X-100 were analyzed as a control for permeabilization; initial motility in MW medium before demembranization treatment was used as a motility control. Motility analysis was performed by CASA, as described above, and an aliquot of sperm was concurrently exposed to 1 lM PI for 5 min at 378C [27] . The percentage of permeabilized (PI-stained) sperm was determined by processing stained spermatozoa through a FACScan flow cytometer (Becton-Dickinson Immunocytometry Systems) with excitation at 488 nm and emission fluorescence detected in the FL2 channel through a 585/ 42 nm bandpass filter at 400 V. A minimum of 5000 events per sample were recorded.
Based on the results of this trial, which showed that maximum motility and permeabilization occurred at concentrations of Triton X-100 between 0.01% and 0.05%, a second trial was conducted using Triton X-100 at 0.01%, 0.02%, 0.03%, 0.04%, and 0.05%, again for 0, 30, or 60 sec. Maximum motility and permeabilization occurred in sperm exposed to 0.02% (v/v) Triton X-100 for 30 sec (see Results); therefore, this method was used for demembranization in the remainder of the trials. In all trials except for those in the EGTA replacement study, the demembranization procedure was performed individually for each sample assessed, in random order for each replicate, and motility was measured 1-3 min after demembranization and resuspension in ReM.
Electron Microscopy
Electron microscopy was used to determine the degree of membrane damage in sperm treated with 0%, 0.2%, or 0.02% Triton X-100 for 30 sec. Demembranated sperm samples were fixed in 0.1 M sodium cacodylate buffer at pH 7.4 with 2% glutaraldehyde and 2.5% formaldehyde. Samples were stained with 1% OsO 4 , with 0.4% potassium ferrocyanide for 1 h at 48C, and then enrobed in 1% agar with 0.05 M sodium cacodylate buffer and dehydrated with serial ethanol washes prior to embedding in epon araldite with 1.5% tris(dimethylaminomethyl)phenol. Ultrathin sections were obtained and LOUX ET AL.
analyzed with an FEI Morgagni 268 transmission electron microscope (FEI, www.fei.com) at an accelerating voltage of 80 kV. Digital images were acquired with a MegaViewIII camera operated with iTEM software (Olympus Soft Imaging Systems).
Calculation of Intracellular pH in Intact Sperm
To calculate the intracellular pH of intact sperm under standard conditions (pH 7.25 medium) and under hyperactivating conditions, that is, 5 mM procaine, 4 mM 4-aminopyridine (4-AP) or pH 8.5 medium [15] , semen was collected and diluted 1:5 in Sp-Tyrodes at pH 7.25, then centrifuged twice for 10 min at 400 3 g to wash, using the same medium. Washed sperm were incubated in Sp-Tyrodes at 300 3 10 6 /ml with 5 lM BCECF-AM for 30 min at 258C in the dark, then centrifuged to remove excess stain. Sperm were resuspended in fresh Sp-Tyrodes and incubated for 30 min to allow for full deesterification of the dye. Aliquots (200 lM) were loaded into a 96-well plate of a Synergy MX microplate reader (Bio-Tek; www.biotek.com) and excited at 440 and 488 nm, with emission read at 535 nm. Three baseline measurements were recorded for each well, then hyperactivating treatments were added (highpH treatments were resuspended at this time) and wells were read an additional three times.
To generate a pH calibration curve, sperm were washed as described above except using high-potassium Tyrodes instead of Sp-Tyrodes. Following the final centrifugation, sperm were extended to 300 3 10 6 /ml in pH 7.25 highpotassium medium, then diluted 1:10 in this medium ranging from pH 5.5 to 8.5. Two 200-ll aliquots were taken from each pH suspension for fluorescence analysis, then the actual pH of each sample was determined using an Accumet Excel XL60 pH meter (Fisher Scientific); this measurement was used for the calibration curve. Then 5 lM of nigericin, a H þ /K þ ionophore, was added to each aliquot to equilibrate intracellular and extracellular pH, and the fluorescence was determined using the plate reader. Sperm for the calibration curve were read on the plate reader concurrently with the intact sperm in the baseline and hyperactivation treatments described above, and an equation was derived from the curve to determine the intracellular pH of the intact sperm.
Incubation for Protein Tyrosine Phosphorylation
To prepare sperm for incubation, semen was diluted 1:5 in Non-PY medium. The suspension was centrifuged for 1 min at 170 3 g to remove debris, then the supernatant was centrifuged for 5 min at 600 3 g to wash. Sperm were extended to 10 3 10 6 in Non-PY, (À)Ca-PY, and (þ)Ca-PY media, and incubated at 388C in air for 4 h. After incubation, sperm were centrifuged for 5 min at 600 3 g, resuspended in DeM at 300 3 10 6 sperm/ml, and demembranated as described above, with a final concentration of 30 3 10 6 sperm/ml following demembranization.
Immunocytochemistry
Sperm were suspended to 10 3 10 6 in their respective medium, and 15 ll of the sperm suspension was placed on a slide and allowed to dry. Sperm were fixed with 4% paraformaldehyde for 15 min, washed three times for 5 min each with PBS, and then permeabilized with 0.1% Triton-X for 10 min. Following three 5-min washes in PBS, sperm were blocked at room temperature for 60 min with 3% BSA in PBS. Primary antibody incubation occurred at 48C overnight, using the mouse monoclonal anti-phosphotyrosine antibody diluted 1:500 in 3% BSA in PBS. Sperm were washed three times for 5 min each with PBS, then incubated for 1 h at room temperature with goat anti-mouse antibody conjugated to fluorescein isothiocyanate diluted 1:500 with 3% BSA in PBS. The remaining antibody was washed off with three 5-min washes in PBS, and sperm were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Slides were viewed on an Olympus BX60 (Olympus, www. olympusamerica.com) with a 403 objective at 1.253 magnification. A minimum of 100 sperm were counted in each slide and were classified as having no or partial staining, or staining along the entire tail.
Assessment of Factors Affecting Motility of Demembranated Sperm
To determine baseline conditions required for motility of equine demembranated sperm, the effect of ATP and cAMP was analyzed. Sperm were demembranated as described above and resuspended in ReM containing ATP concentrations ranging from 0 to 10 mM. Magnesium sulfate was added in a 1:1 ratio with ATP, except in the sample lacking ATP, which contained 1 mM MgSO 4 . Cyclic AMP at concentrations from 0 to 1000 lM was evaluated in ReM containing 2 mM ATP.
Based on the findings of the above trial, further work with demembranated sperm was conducted in ReM containing 2 mM ATP and without cAMP. The effect of pH on demembranated sperm was assessed by extending demembranated sperm in ReM in which the pH was adjusted to values from 4 to 10.5 in 0.5 (6 0.02) pH-unit intervals, with calcium adjusted to maintain free calcium levels at 100 nM. The effect of calcium was evaluated by suspending sperm in ReM at pH 6.9 (the pH at which maximum motility was obtained) with free calcium ranging from 515 pM (0 added calcium) to 1 mM. The total calcium added to obtain a specific free calcium level is given in Table  1 . To determine the effect of chelating calcium below this level (i.e., below 0 calcium with 2 mM EGTA), samples containing 4, 6, and 8 mM EGTA with no added calcium were also analyzed. The free calcium levels calculated for these EGTA treatments were 258, 172, and 129 pM, respectively (Table 2) . To define the limits of conditions supporting sperm motility, the treatments that were assessed extended into nonphysiologically high and low values for both pH and calcium.
To determine if the inhibition of motility seen at the higher calcium concentrations was reversible, sperm were demembranated and extended in ReM with or without 2 mM EGTA. An equivalent quantity of CaCl 2 (872 lM) was added to each treatment; this quantity was sufficient to provide 400 nM free calcium in the presence of 2 mM EGTA but provided 386 lM free calcium in the absence of EGTA. Motility was evaluated, then 2 mM EGTA was added to the EGTA-free medium to chelate the free calcium level to 400 nM, and motility was reassessed in the same aliquot.
To evaluate the effects of cadmium and nickel, sperm were reactivated in pH 6.9 ReM medium without EGTA and added calcium. Nickel sulfate (NiSO 4 ) or cadmium sulfate (CdSO 4) were added at 0 to 250 lM. Motility was analyzed immediately after reactivation. To determine if cadmium was able to counteract the decrease in motility seen with excessive calcium levels, sperm were reactivated in ReM containing either 20 lM cadmium, 2 lM free calcium, or both cadmium and calcium combined.
To determine if there was an interaction between calcium and pH in the induction of hyperactivated motility, sperm motility was evaluated in ReM at pH 5.9, 6.4, 6.9, or 7.4 6 0.02, containing 2, 4, 6, or 8 mM EGTA in the absence of added calcium or with calcium added to achieve 50-1000 nM free calcium in each medium.
At pH 7.4, sperm motility was significantly inhibited by 8 mM EGTA (calculated free calcium ¼ 13 pM; Table 2 ). To determine if the effect on sperm mobility was a lack of free calcium or a toxic effect of the EGTA itself, calcium and/or magnesium were reintroduced to a sample at pH 7.4 containing 8 mM EGTA. Calcium was added so that free calcium was equivalent to 50 nM; magnesium was adjusted to 157 lM free magnesium, the concentration found in the 50 nM calcium control.
To determine if the sensitivity of the equine sperm axoneme to calcium was altered in response to incubation in medium that supports protein PY [28] , we examined the effect of calcium on the axoneme after demembranization of sperm that had been incubated for 4 h in conditions that were either conducive to protein PY, (þ)Ca-PY and (À)Ca-PY media, or not conducive (i.e., Non-PY medium). Following demembranization, sperm were extended in pH 6.9 ReM with free calcium concentrations ranging from 129 pM (8 mM EGTA) to 1 mM, and motility was evaluated via CASA.
Because no treatment with calcium or pH was associated with an increase in hyperactivated motility parameters in demembranated sperm, we assessed whether the effective hyperactivation inducers in intact sperm, procaine and 4- [15] , had a direct effect on the equine sperm axoneme. After resuspension of demembranated sperm in ReM, 5 ll of reagent was added, resulting in a final concentration of 5 mM procaine or 4 mM 4-AP. As a control, 5 ll medium alone was added. Motility was analyzed immediately prior to reagent addition and at 1 and 15 min after addition.
Statistical Analysis
Unless otherwise stated, data were analyzed by one-way ANOVA within each treatment, with the sample size (n) being the number of replicates. The data was tested for an appropriate Gaussian distribution by the Shapiro-Wilk test and analyzed for equal variance. Non-Gaussian samples were transformed by taking the natural log distribution. If the data still did not conform, the nonparametric test, Kruskal-Wallis ANOVA on ranks was used. Individual pair differences were analyzed post hoc by Holm-Sidak. The level of significance was set as P , 0.05. All analyses were performed using SigmaPlot software (Systat Software).
RESULTS
Effect of Medium Calcium on Intact Sperm
Our previous work indicated that increasing intracellular pH was associated with an increase in hyperactivated motility parameters in equine sperm but that increasing intracellular calcium was associated with a reduction in hyperactivated motility [15] . This experiment was conducted to determine whether hyperactivated motility in intact sperm could be maximized by reducing the extracellular calcium concentrations, thus reducing calcium influx in response to increased intracellular pH and achieving a high intracellular pH in the presence of low calcium.
The results of this study (motility at 25 min) are shown in Figure 1 . The hyperactivated motility parameter ALH was significantly higher for sperm in pH 8.5 medium than in pH 7.25 medium for all calcium concentrations at or above 100 lM (P , 0.05). In pH 8.5 medium, maximum hyperactivated motility parameters were seen at 500 lM calcium, however, these were not significantly different from those achieved at any value between 100-2000 lM (standard medium calcium concentration). In pH 8.5 medium, when calcium was reduced to 50 lM or below, both total motility and hyperactivated motility parameters were significantly inhibited in comparison to parameters for calcium values of 100 nM or more. This inhibition of motility was likely due to an influx of sodium through opened CatSper channels in the absence of medium calcium, as reported previously [15, 29] . The second trial was conducted to evaluate sperm in pH 8.5 media at earlier time points and showed similar results at 7 and 21 min after sperm addition to media; total motility, VCL, and ALH were not significantly different at any time point among media containing between 100 lM and 2 mM added calcium (data not shown).
These studies failed to identify a positive effect of reduced medium calcium and thus, presumably, reduced calcium influx on high pH-induced hyperactivated motility in intact equine sperm. However, the effect of the lowest calcium levels was confounded by the presumed depressive effect on motility of sodium influx through CatSper channels, which open in response to the increase in intracellular pH in the higher pH medium [15, 29] . To more directly evaluate the effects of calcium and pH on sperm motility, we moved to the demembranated sperm model. By perforating the sperm membrane, we were able to precisely control the axonemal environment.
Effect of Demembranization Protocols
We evaluated the effects of different Triton X-100 concentrations and exposure times on membrane permeabilization, motility after suspension in ReM, and morphology on transmission electron microscopy to determine the optimum conditions for demembranization of equine sperm. The effect of exposure of equine sperm for 30 or 60 sec to Triton X-100 in concentrations ranging from 0.001% to 0.1% (v/v) is presented in Figure 2A . Treatment with 0.1% or 0.05% Triton X-100 for 30 or 60 sec was associated with high rates (75%-95%) of permeabilization (PI staining), however, the percentage of motile sperm in the 0.05% treatment after reactivation was significantly lower than that for intact sperm (17%-37% vs. 62%, respectively; P , 0.05). Reduction of Triton X-100 concentration to 0.01% resulted in motility after reactivation that was not significantly lower than the intact control but reduced permeabilization to 60%.
Thus, a second demembranization trial was performed to look at Triton X-100 values between 0.01% to 0.05% (Fig.  2B) . Exposure of sperm to 0.02% Triton X-100 for 30 sec was associated with a permeabilization rate of 99% and with motility in ReM that was not significantly different from that for the intact control sperm (P . 0.2).
Transmission electron microscopy revealed that in control sperm, the plasma membrane and mitochondrial membranes were intact (Fig. 3, A-C) . In sperm demembranated with 0.02% Triton X-100 for 30 sec, the plasma membrane over the midpiece exhibited multiple perforations and the plasma membrane was essentially removed from the principal piece and end piece (Fig. 3, D-F) . In this treatment, the inner and outer mitochondrial membranes appeared to be intact, and the mitochondria maintained normal architecture. In sperm treated with 0.2% Triton X-100 for 30 sec, the plasma membrane was absent from the entire axoneme, and there was extensive loss of mitochondrial architecture (Fig. 3, G-I) .
Thus, the protocol utilizing 0.02% Triton X for 30 sec appeared to provide optimal conditions for demembranization because this treatment was associated with essentially 100% permeabilization as determined by PI staining, maintenance of motility at control levels after reactivation, effective perforation or removal of the plasma membrane, and maintenance of integrity of mitochondrial membranes. This treatment was used to demembranate equine sperm for the remainder of the trials. Following demembranization, the sperm suspensions were diluted 1:10 in ReM. The % total motility was assessed using CASA, and membrane permeablization was evaluated by staining with 1 lM propidium iodide (PI) for 5 min at 378 then processing via flow cytometry. Negative control sperm were intact sperm suspended in MW medium. An asterisk (*) indicates a significant difference (P , 0.05) in the % of PI staining between the treatment and the control; tī ndicates a significant difference in both the percent motile sperm and percent of PI staining between the specified treatment and the control. Values represent the mean 6 SEM for three independent replicates.
AXONEMAL MOTILITY IN EQUINE SPERM
Effects of ATP and cAMP on Motility of Demembranated Equine Sperm
Equine sperm required the presence of ATP to regain motility following demembranization (Fig. 4, A, C , and E). There was no effect of increasing ATP concentrations above 1 mM on total motility or lateral head movement (ALH); however, velocity (VCL) increased significantly (from 214 to 249 lm/sec) as ATP concentration increased from 1 mM to 5 mM (P , 0.001). Sperm were agglutinated in media containing 7.5 or 10 mM ATP, making accurate motility analysis difficult. There was no effect of addition of cAMP on total motility, ALH, or VCL (Fig. 4, B, D, and F) .
Intracellular pH of Intact Sperm
The intracellular pH of intact stallion sperm suspended in pH 7.25 medium was calculated to be 7.14 6 0.07. When equine sperm were treated to induce hyperactivated motility by addition of procaine or 4-AP or by incubating in pH 8.5 medium [15] , intracellular pH increased to 7.34 6 0.07, 7.30 6 0.07, and 7.40 6 0.06, respectively.
Effect of pH on Motility of Demembranated Equine Sperm
To determine if increasing bath pH would induce hyperactivated motility in demembranated equine sperm, we exposed demembranated sperm to pH values ranging from 4 to 10.5, each with calculated free calcium held at 100 nM (Fig. 5 ). Sperm at pH values lower than 5.5 were immotile. Total motility initiated at pH 5.5, peaked at pH 7, and declined significantly by pH 10. At pH 9.5 and above, the medium became viscous, potentially due to the denaturation of proteins induced by high-pH medium [30] . Once the pH was high enough to support .10% total motility (pH 6), there was no increase in VCL or ALH associated with increasing the pH beyond this. These results combined with those of the previous trial indicate that while treatments that induce hyperactivated motility in intact equine sperm result in increased intracellular pH, this increase does not directly stimulate hyperactivation at the axonemal level.
Effect of Calcium on Motility of Demembranated Equine Sperm
To determine whether free calcium acts directly on the axoneme to stimulate hyperactivated motility, we examined FIG. 3. Transmission electron microscopy of demembranated sperm. Sperm were exposed to either 0% (A-C), 0.02% (D-F), or 0.2% (G-I) Triton-X for 30 sec and subsequently analyzed via transmission electron microscopy. Sections examined included a longitudinal section of the midpiece (A, D, G), a cross-section of the principal piece (B, E, H), and a longitudinal section of the principal piece (C, F, I). A-C) Control sperm maintained plasma membrane integrity. D-F) Sperm demembranated with 0.02% Triton X exhibited 70%-80% intact plasma membrane over the midpiece with maintenance of mitochondrial membrane integrity (D); little to no plasma membrane remained on the principal piece (E, F). G-I) Sperm demembranated with 0.2% Triton X-100 had little to no plasma membrane remaining, regardless of location, and mitochondrial membranes were heavily damaged (G). PM, plasma membrane; MD, microtubule doublets; MT, mitochondria. Bar ¼ 0.5 lm.
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equine demembranated sperm exposed to pH 6.9 ReM with free calcium concentrations ranging from 129 pM (0 added calcium plus 8 mM EGTA; Table 2 ) to 1 mM (Fig. 6 ). The amount of CaCl 2 added in the presence of 2 mM EGTA to achieve the desired free calcium level is presented in Table 1 . The calculated free calcium values in media with 2, 4, 6, or 8 mM EGTA (0 added calcium), as determined by MaxChelator, are presented in Table 2 . Calculated free calcium concentrations between the lowest achieved (129 pM) and 400 nM had no significant effect on total motility, VCL, or ALH. Total motility began to decline as free calcium concentrations rose to 1 lM (P , 0.001 vs. 50 nM free calcium); VCL and ALH declined significantly at 10 lM free calcium (P , 0.01). Sperm were immotile at free calcium concentrations of !100 lM. Calcium-immobilized sperm had no obvious flagellar curvature (Fig. 7) , in contrast to the hook-shaped bends and/or curlicue formations described for calcium-immobilized demembranated sperm in other species [20, 21] .
To determine whether the inhibition of motility induced by excess calcium was reversible, demembranated sperm were bathed in medium with or without 2 mM EGTA. The same amount of total CaCl 2 was added to each treatment; this was the amount required to generate 400 nM free calcium in the presence of 2 mM EGTA. At pH 6.4 and 6.9, motility of sperm in calcium-containing medium without EGTA was significantly reduced compared to that of sperm in EGTA- containing   FIG. 4 . Effect of ATP and cAMP on motility of demembranated sperm. Demembranated sperm were held at pH 6.9 with 100 nM free calcium and exposed to ATP (A, C, E) or cAMP (B, D, F). The % total motility (A, B) ; amplitude of lateral head movement (ALH; C, D), and curvilinear velocity (VCL; E, F) were analyzed via CASA. Values represent the mean 6 SEM for three and four independent replicates for cAMP and ATP, respectively.
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medium (400 nM Ca; P , 0.05; Fig. 8 ). After motility evaluation, 2 mM EGTA was added to the treatment without EGTA. Addition of EGTA restored motility in these treatments (Fig. 8) , indicating that the inhibition of motility by excess calcium was reversible.
Effect of Nickel and Cadmium on Motility of Demembranated Equine Sperm
Nickel and cadmium are divalent cations that are hypothesized to act as competitive calcium antagonists [10, [31] [32] [33] . In demembranated equine sperm in ReM lacking both added calcium and EGTA, nickel (25 to 250 lM) induced a dosedependent decrease in VCL and total motility (Fig. 9, A and E) , which was also seen in the rat and the bull [18, 32, [34] [35] [36] . Equine sperm arrested by nickel did so without a repeatable flagellar bend. In contrast, cadmium did not inhibit total motility, even at concentrations as high as 50 lM (Fig. 9D) . Cadmium at concentrations ranging from 2.5 to 20 lM induced a slight but significant, dose-dependent increase in both VCL and ALH ( Fig. 9D ; P , 0.05). These effects of cadmium are notable because cadmium results in a significant decrease in total motility in demembranated rat sperm at doses as low as 1 lM [18] .
Because we found that calcium concentrations .400 nM depressed equine demembranated sperm motility, we used this effect to evaluate whether cadmium was acting as a calcium antagonist. Sperm were exposed to either 2 lM free calcium, 20 lM cadmium, or 2 lM calcium with 20 lM cadmium (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org). Sperm exposed to cadmium had significantly higher VCL than those exposed to calcium (P , 0.05), however, no protective effect of cadmium was seen in sperm treated with both cadmium and calcium on any motility parameter, suggesting that cadmium does not function as a calcium antagonist in equine sperm.
Interaction of pH and Calcium on Motility of Demembranated Equine Sperm
The above results indicated that neither pH, at a constant free calcium of 100 nM, nor calcium, at a constant pH of 6.9, Demembranated sperm were suspended in ReM at pH 6.9 with varying free calcium concentrations. Samples chelated with 8, 6, 4, or 2 mM EGTA contained 129, 172, 258, and 515 pM free calcium, respectively. Free calcium concentrations for EGTA-containing media (no added calcium) can be found in Table 2 . Sperm motility was analyzed via CASA, including % total motility (A), amplitude of lateral head movement (ALH; B), and curvilinear velocity (VCL; C). Values represent the mean 6 SEM for three independent replicates.
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induced hyperactivated motility in demembranated equine sperm. We hypothesized that the stimulation of hyperactivated motility may involve an interaction of calcium concentration and pH; thus, we evaluated motility of demembranated equine sperm exposed to pH 5.9, 6.4, 6.9, or 7.4 media with calcium added to achieve free calcium levels ranging from 50 to 1000 nM, or with no added calcium plus 2, 4, 6, or 8 mM EGTA (Fig. 10) . Estimated free calcium concentrations for sperm treated with EGTA are presented in Table 2 . The effects of calcium on sperm motility varied with medium pH, for example, in pH 5.9 medium, total motility declined significantly in the presence of free calcium !46 nM (2 mM EGTA treatment at this pH, Table 2 ) compared to treatments with less calcium (4, 6, or 8 mM EGTA; P , 0.01), whereas at pH 6.9, total motility did not decrease until free calcium rose over 1 lM. Ultimately, there was no combination of pH and calcium that significantly increased VCL or ALH independent of a similar increase in total motility. To evaluate whether the decline in motility seen at pH 7.4 with 8 mM EGTA (13 pM free calcium, Table 2 ) was due to a decrease in free calcium or magnesium levels or due to a toxic effect of EGTA, calcium and/or magnesium were added back to a level equivalent to that found in the 50 nM calcium treatment (Supplemental Fig. S2 ). Both 8 mM EGTA alone and 8 mM EGTA plus magnesium had significantly decreased total motility compared to the control (100 nM free calcium); however, when calcium was reintroduced to these treatments to provide 50 nM free calcium, motility increased to the level of the control, regardless of the magnesium level. Therefore, the decline in motility seen at higher concentrations of EGTA in pH 7.4 medium appears to be due to the chelation of calcium.
In the sea urchin, cAMP affected the response of sperm to increasing calcium levels [37] . Therefore, we compared the effect of increasing calcium concentrations with and without the addition of 20 lM cAMP (Fig. 11) . In demembranated equine sperm bathed in medium at pH 6.9, the addition of cAMP did not significantly affect any motility parameter examined. Addition of cAMP tended to mitigate the depressive effect of excess calcium (.1 lM) on total motility (P ¼ 0.051), with the greatest difference seen at 10 and 100 lM calcium.
The above study was performed on one ejaculate from each of three different stallions. One additional stallion, CF, had poor total motility (30% at 2 mM EGTA) in demembranated sperm, and thus this ejaculate was not utilized for the study; however, we noted that total motility was increased in the cAMP treatment in this ejaculate. Two additional ejaculates from this stallion were obtained and evaluated. Overall, demembranated sperm from this stallion showed consistently poor initial motility; addition of cAMP significantly increased both VCL (P , 0.005) and total motility (P , 0.001; Supplemental Fig. S3 ), but ALH was not significantly affected. This suggests that there may be a stallion-dependent or perhaps initial motility-dependent effect of cAMP on total motility and velocity in demembranated equine sperm.
Motility in Sperm Incubated in PY-Promoting Conditions Before Demembranization
Sperm capacitation in other species is associated with an increase in PY of axonemal proteins [38] in concert with an increase in intracellular calcium [39, 40] ; therefore, we hypothesized that the sensitivity of the sperm axoneme to calcium may be altered when protein PY is present. Effective in vitro capacitation (induction of the ability to fertilize an oocyte) has not been achieved in the horse without the addition of stimulators of hyperactivation; however, we have demonstrated that protein PY can be stimulated by incubation of sperm at high pH (7.9 to 8.5) either with or without added calcium in the medium [28] . This study was conducted to determine whether the reaction of the axoneme of demembranated sperm to calcium was affected by the induction of PY, before demembranization, in the presence or absence of calcium.
Sperm were incubated for 4 h in one of three media: Non-PY, (þ)Ca-PY, or (À)Ca-PY. Sperm samples were obtained preincubation (Pre-Inc) and from the three treatments after incubation, both before and after demembranization. Immunocytochemistry for PY verified that sperm in the (þ)Ca-PY and (À)Ca-PY treatments exhibited a significantly higher incidence of PY staining throughout the tail than did the Pre-Inc or Non-PY sperm (P , 0.05; Fig. 12 ). Demembranating the sperm did not diminish PY staining (Fig. 12B) .
Total motility in response to calcium after demembranization was significantly affected by treatment (P , 0.001) (Fig.  13) . Total motility was highest in the (þ)Ca-PY treatment, followed by (À)Ca-PY, then Pre-Inc sperm. Total motility was ¼ 386 lM) . Following initial motility analysis of the no EGTA group, 2 mM EGTA was added and motility was reanalyzed (EGTA replaced). The % total motility was analyzed via CASA. Significant differences are noted by varying superscripts within each pH. Values represent the mean 6 SEM for three independent replicates.
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lowest in the Non-PY treatment. There was no effect of PY induction on VCL in response to calcium concentration. Sperm in the (À)Ca-PY treatment had a slight but significant increase in ALH in comparison with the Non-PY sperm (P , 0.05).
Effects of Procaine and 4-AP on Motility of Demembranated Equine Sperm
Both procaine and 4-AP induce repeatable, vigorous increases in VCL and ALH in intact equine sperm [15] . The   FIG. 9 . Effect of nickel and cadmium on demembranated sperm motility. Motility of demembranated sperm held at pH 6.9 with 100 nM free calcium was examined following exposure to either nickel (A, C) or cadmium (B, D). Parameters analyzed via CASA include % total motility (A, B), amplitude of lateral head movement (ALH; C, D), and curvilinear velocity (VCL; E, F). Values represent the mean 6 SEM for three independent replicates.
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mechanisms by which this is achieved are essentially unknown. As none of the factors evaluated previously in these studies effectively increased hyperactivated motility parameters, we tested whether procaine or 4-AP had direct effects on the equine axoneme in demembranated sperm. Neither 4-AP nor procaine had a significant effect on the percentage of total motile sperm, VCL, or ALH in demembranated sperm (Supplemental Fig. S4 ). These results indicate that 4-AP and procaine do not act directly on the equine axoneme to stimulate hyperactivated motility.
DISCUSSION
The results of this study shed light on the direct effects of calcium and pH on motility of the equine sperm axoneme. These findings may aid in our understanding of the mechanisms behind the failure of equine sperm to effectively capacitate in standard capacitating media. Research on sperm axonemal function in the horse is severely lacking because, to the best of our knowledge, only one previous report on demembranated stallion sperm is available, a brief report indicating that ATP was necessary for reinitiation of minimal motility (achieving ,1 on a scale of 0 to 5) in epididymal sperm treated with an unspecified concentration of Brij-35, a nonionic detergent [41] .
The concentration of Triton X-100 reported for sperm demembranization in other species varies widely, typically between 0.04% to 0.2% [16, 42] . It is unclear in these studies whether an effort has been made to optimize the demembranization process, that is, to cause perforation of the plasma membrane (to allow equilibration of the cytoplasm with the medium) while causing minimal damage to the sperm architecture. By titrating exposure to Triton X-100, we developed an equine demembranated sperm model that optimized both permeabilization and total motility and preserved subcellular mitochondrial and axonemal structures. Using this model, equine demembranated sperm could be reactivated to the level of total motility seen in control sperm FIG. 10 . Interaction of calcium and pH. Demembranated sperm were suspended in ReM at pH 5.9, 6.4, 6.9, or 7.4 with calcium levels ranging 13 pM to 1000 nM. Estimated free calcium concentrations for EGTA treatments (no added calcium) can be found in Table 2 . The effect of pH and calcium on sperm motility was analyzed via CASA, including % total motility (A), amplitude of lateral head movement (ALH; B), and curvilinear velocity (VCL; C). Values represent the mean 6 SEM for three independent replicates. FIG. 11 . Effect of cAMP on the calcium response. Demembranated sperm were suspended in ReM at pH 6.9 with free calcium chelated to levels from 129 pM to 1 mM with or without 20 lM cAMP. Sperm motility was analyzed via CASA, including % total motility (A), curvilinear velocity (VCL; B), and amplitude of lateral head movement (ALH; C). An asterisk (*) indicates values that tended to be different (P ¼ 0.051). Values represent the mean 6 SEM for three independent replicates. (Fig. 2B) . Reactivation of demembranated equine sperm required ATP, but not cAMP. The presence of ATP appears to be a universal requirement for motility in demembranated sperm [16, 43, 44] because it is lost from the cytoplasm after demembranization and is required to power the dynein motors of the axoneme. The role of cAMP in motility of demembranated sperm is less clear; it has been reported in the hamster [45, 46] , and boar [45] that it is required for motility; in the hamster, the cAMP requirement may depend upon sperm exposure to calcium before demembranization [45] . In other species, including human [47] , dog [48] , and ram [49] , cAMP is not required for reactivation but does increase motility parameters, including beat frequency and total motility. Still others report that it has no effect on motility or hyperactivation [16] . In our studies, there was no significant effect of cAMP on hyperactivated motility parameters in the majority of stallions tested; however, addition of cAMP increased total motility in one stallion with poor initial demembranated sperm motility (Supplemental Fig. S3 ).
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We examined the effects of a range of medium pH, both presumed physiological and nonphysiological, to define the limits of response of equine sperm. Equine demembranated sperm motility initiated at pH 5.5, and maximum total motility was obtained at pH 7; this correlates well with the calculated intracellular pH of intact sperm (7.14 6 0.07) as evaluated in medium approximating the pH of equine semen (7.25) . In contrast, in demembranated bull sperm, motility was reported to initiate at pH 7 and was maintained at a plateau until pH 9.5 [16, 50] . Interestingly, bovine demembranated sperm were reported to be immotile at pH 6.5 [16] despite a calculated intracellular pH of 6.70 6 0.03 [51] . Similarly, demembranated human sperm were reported to have significantly greater total motility at pH 7.8 than at 7.1 [22] , but the resting intracellular pH of human sperm is calculated to be 6.94 6 0.03 [52] . These differences may relate to species-specific effects of pH on the axoneme, or alternatively, it is possible that by optimizing the demembranization treatment to conserve axonemal architecture, our model retained a more physiological response to pH. For example, the outer dynein arms play an integral role in the pH-related regulation of motility [53] , and damage to the proteins controlling these arms may alter pH response.
In intact equine sperm, an increase in intracellular pH is associated with an increase in hyperactivated motility [15] , and in this study, we found that intracellular pH increased from 7.1 to 7.3-7.4 when equine sperm were evaluated under hyperactivating conditions. Thus, we hypothesized that pH may play a direct role in initiating axonemal hyperactivation. However, we found that increasing medium pH beyond that required for initiation of motility did not increase either VCL or ALH in demembranated equine sperm.
The most notable aspect of this study was the repeated finding that equine sperm do not appear to be regulated by calcium in the same manner as that reported in sperm of other species [16-21, 32, 34-36] , that is, that increasing calcium did not induce hyperactivated motility at any pH tested, even in sperm incubated to induce PY before demembranization. This disconnect between calcium concentrations and hyperactivation was suggested in our previous study by the inverse relationship of hyperactivated motility to intracellular calcium concentrations in intact sperm and the ability of procainetreated intact equine sperm to hyperactivate in calcium-free medium [15] .
In the present study, we found that demembranated equine sperm were highly motile at essentially 0 free calcium, that is, total motility at physiological intracellular pH (6.9) did not decline even when calcium was chelated with 8 mM EGTA to levels below 129 pM, and sperm at pH 7.4 were motile at 27 pM free calcium ( Fig. 10 and Table 2 ). While these low calcium levels are presumably nonphysiological (the normal physiological calcium concentration during standard, activated motility in bull sperm is approximately 50 nM, which increases to 250 nM during hyperactivated motility [54] ), this finding indicates that motility of the equine sperm axoneme is not strongly calcium dependent. It should be noted that free calcium levels calculated using MaxChelator are approximations and should not be interpreted as exact values.
To the best of our knowledge, no other study has addressed this low level of calcium in demembranated sperm of any species. In the bull, total motility of demembranated sperm began to decrease when free calcium dropped below 50 nM [14] . The effect of very low calcium levels appears not to have been evaluated in demembranated human and monkey sperm because in the studies we are aware of, free calcium levels were not taken below 50 nM [17, [55] [56] [57] . A beneficial effect of decreasing free calcium levels was reported in the hamster; however, at the concentration of EDTA used in the lowest calcium level tested, the free calcium concentrations would have remained above the nM level [58] .
The lack of requirement for greater than pM concentrations of free calcium to maximize motility in demembranated equine sperm may appear surprising because in intact equine sperm, incubation in medium without added calcium causes loss of motility. However, in intact sperm suspended in standard NaCl-based media, this loss of motility is in response to membrane depolarization due to sodium influx through the CatSper channel, which occurs when environmental calcium is low, rather than to insufficient calcium [29] . Our findings suggest that there is a minimal level of calcium required for equine sperm motility; at pH 7.4, motility declined when free calcium levels were lowered below 27 pM (i.e., at 6 and 8 mM EGTA). We verified that this loss of motility was due to the chelation of calcium and not to the chelation of magnesium, or to toxicity to the high level of EGTA itself (Supplemental Fig.  S2 ).
Excess calcium depresses motility of both intact and demembranated sperm of all species studied; however, the concentration at which motility begins to decline varies by species [16, 55, [59] [60] [61] [62] [63] . We found that demembranated equine sperm began experiencing a decline in motility at much lower free calcium levels (1 lM) than is reported in bovine sperm (1 mM) [16] . Excess calcium may inhibit motility due to the stimulation of phosphodiesterases or activation of calciumdependent phosphatases [19, 64] , which could convert dynein to its inactive dephosphorylated state. The presence of physiological concentrations of calcium in incubation medium has been shown to inhibit protein PY, via calmodulin, in equine sperm [28] . However, it does not appear that in equine sperm this inhibition occurs via stimulation of phosphodiesterase or calcium-dependent phosphatases because neither 3-isobutyl-1-methylxanthine (IBMX), nor phosphatase inhibitors deltameth-FIG. 13 . Effect of tyrosine phosphorylation (PY) on the calcium response of demembranated sperm. Intact sperm were either demembranated immediately (Pre-Inc) or incubated in MW medium for 4 h at 38.58C. The (À)Ca-PY and (þ)Ca-PY sperm were incubated in MW medium with bicarbonate and BSA, with or without 2.4 mM calcium, at pH 7.9. The Non-PY media had no bicarbonate, BSA, or calcium; NaCl was added to adjust the osmolarity and the medium was at pH 7.25. After incubation, sperm were demembranated. Motility of demembranated sperm was analyzed via CASA, including % total motility (A), amplitude of lateral head movement (ALH; B), and curvilinear velocity (VCL; C). Values represent the mean 6 SEM for three independent replicates. rin or okadaic acid, rescued calcium-induced inhibition of protein PY [26] .
Notably, equine sperm that were immobilized by excess calcium (Fig. 7) arrested without the fish hook, candy cane, or curlicue appearance seen in demembranated sperm of other species under similar conditions [20, 21] . It has been hypothesized that this extreme bend is due to the differential effect of calcium on dyneins on one side of the axoneme [21] . Excess calcium has been shown to preferentially inhibit sliding of specific (1, 2, 3, and 4) doublet pairs, which are the more dominant pairs in the beat cycle when calcium is present [21, 35, 36, 65] . In theory, the calcium-induced tonic curve in the axoneme forms the framework upon which the high-amplitude, asymmetric waves of hyperactivated sperm motility propagate [18] . Therefore, the lack of curvature in calcium-arrested equine sperm may relate directly to the failure of increased intracellular calcium concentrations to induce hyperactivated motility in both intact [15] and demembranated sperm.
Further support for a fundamental difference in calcium regulation of axonemal motility in the horse is seen in the response of demembranated equine sperm to cadmium. The mechanism of action of cadmium on the axoneme is unknown; it is hypothesized to be a calcium antagonist in the rat and hamster [10, 31] . Motility of demembranated rat and bull sperm declines on exposure to cadmium, with rat sperm being inhibited at levels as low as 1 lM [18, 31, 36] . In contrast, demembranated equine sperm maintained motility when treated with cadmium at concentrations up to 50 lM; cadmium even stimulated a slight dose-dependent increase in velocity (VCL) between 2.5 to 20 lM (Fig. 9 ). This inverse relationship between cadmium and motility seen in the horse in comparison with other species warrants further investigation. One possible explanation is that there is a calcium-binding protein that is intricately involved in stimulating hyperactivated motility in the other species but is absent in the horse. This hypothetical protein would be stimulated by calcium and inhibited by cadmium and directly or indirectly results in an increase in flagellar amplitude and beat frequency.
We investigated whether cadmium served as a calcium antagonist, as hypothesized; this would explain the difference in cadmium response between the horse and other species, that is, equine sperm appear to not have a major calcium requirement for motility while sperm of other species do. However, cadmium did not appear to compete with calcium in equine demembranated sperm because 20 lM cadmium did not restore motility in sperm exposed to excess calcium (2 lM without EGTA; Supplemental Fig. S1 ). The stimulating effect of cadmium on VCL of equine demembranated sperm may be associated with the ability of cadmium to directly stimulate other proteins, such as calmodulin kinase II [66] , which is involved in increasing hyperactivated motility parameters in bull sperm [14] . This stimulation may be observable in demembranated sperm in the horse due to the lack of the hypothesized pathway inhibited by cadmium that is present in other species.
Equine demembranated sperm experienced a decline in motility in response to nickel similar to that seen in the rat and the bull [18, 32, [34] [35] [36] , suggesting a similar action of nickel in horse sperm. Nickel appears to act by inhibiting 14s dynein [33] , a portion of the a subunit of the heavy chain. However, equine sperm arrest with a straight flagellum in response to nickel, whereas bull sperm arrest in a C-curve under similar conditions (K.A. Lesich, personal communication), again suggesting a possible difference in cation-responsive proteins in the equine axoneme.
Because no combination of pH and calcium was found to induce hyperactivated motility in demembranated equine sperm, we evaluated whether procaine and 4-AP, potent stimulators of hyperactivated motility in intact equine sperm, acted directly on the axoneme. However, these compounds did not stimulate hyperactivated motility in demembranated equine sperm (Supplemental Fig. S4 ). It is possible that procaine and 4-AP stimulate hyperactivated motility through a soluble protein that is no longer present following demembranization. More likely, because both procaine and 4-AP are known ion channel modulators, they affect motility in intact sperm by opening or closing membrane ion channels. The essentially instantaneous action of these compounds in intact equine sperm [15] supports this concept.
Although it has been suggested that the action of procaine is related to an increase in intracellular calcium [4, 67] , there is some evidence that procaine instead limits intracellular calcium. In epididymal rat sperm, procaine mediates effects similar to those of the calcium chelator EGTA [68] . We found that procaine supports motility of intact equine sperm in medium with no added calcium [15] and proposed that procaine may in fact close the CatSper channel, preventing the influx of sodium that occurs through this channel in the absence of calcium [29] . Supporting this hypothesis, bupivacaine and quinidine, compounds similar to procaine, were recently shown by patch-clamp analysis to close the CatSper channel in human spermatozoa [69] .
In conclusion, in this study we developed a technique for demembranating equine sperm that maximized both permeabilization and motility after reactivation. Using this model, we found the reactions of demembranated equine sperm to calcium and pH to be different from those reported in other species, notably a preference for a more physiological pH than reported in demembranated sperm models in other species and a failure of either increasing pH or increasing calcium, or any interaction of the two, to induce hyperactivated motility. These findings suggest that hyperactivated motility in equine sperm is controlled by factors beyond pH and calcium; if true, this may underlie the failure of standard capacitating conditions to effectively prepare equine sperm for fertilization. Motility was maintained in the presence of picomolar concentrations of calcium; at the other end of the spectrum, motility was inhibited by increased calcium at much lower concentrations than those reported in other species. Arrest of sperm motility by excess calcium was not accompanied by flagellar curvature, indicating a failure of calcium to induce the tonic bend thought to support hyperactivated motility in other species and thus suggesting an absence or difference in calcium sensitivity of the related asymmetric doublet-sliding proteins. Further work is needed to determine the factors that stimulate hyperactivated motility at the axonemal level in equine sperm.
